Introduction
============

Inflammation, an integral physiological response to trauma, is a complex, highly regulated process.[@b1-jir-8-059]--[@b3-jir-8-059] Its temporal nature -- an acute phase (proinflammatory), followed by a dampening of the acute response (anti-inflammatory), and finally a return to homeostasis (resolution) -- involves timely and spatially regulated action of the molecules and cell types involved.[@b4-jir-8-059]

The acute inflammatory response is typified by a localized cocktail of inflammatory factors, including cytokines, growth factors, eicosanoids, neuroactive factors, heme, proteases, and reactive oxygen species.[@b5-jir-8-059]--[@b9-jir-8-059] Chemotactic influx of neutrophils and leukocytes is promoted by a local increase in vascular permeability, for example, in response to prostaglandins E~2~ and I~2~, and chemoattracting factors at the site of injury, such as heme, leukotriene B4, and chemokines.[@b10-jir-8-059] Several acute-phase inflammatory compounds are responsible for evoking pain and edema, leading to erythema and tissue swelling.[@b11-jir-8-059]

Dampening of the inflammatory response relies on the anti-inflammatory action of various factors. Cytokines with anti-inflammatory effects, such as interleukin 10, are well-known examples.[@b12-jir-8-059] Regulation of free heme through sequestration or catabolism is essential for the resolution of inflammation, which is controlled by haptoglobin, or intracellularly catabolized by heme oxygenase ([Figure 1](#f1-jir-8-059){ref-type="fig"}).[@b13-jir-8-059]--[@b15-jir-8-059] Heme oxygenase is thought to act as a molecular switch that leads to the resolution of inflammation by the degradation of heme to the anti-inflammatory molecules biliverdin and carbon monoxide.[@b14-jir-8-059] Limiting the inflammatory response further depends on factors with dual pro- and anti-inflammatory effects. For example, prostaglandins play a major role in inflammation and are key agents involved in eliciting pain during peripheral injury by binding to prostaglandin receptors expressed at the cell membrane of nociceptive sensory neurons.[@b16-jir-8-059]--[@b18-jir-8-059] On the other hand, their production, namely that of prostaglandins D~2~ and E~2~, is important for initiating "lipid mediator class switching" from the production of proinflammatory mediators to proresolving ones ([Figure 1](#f1-jir-8-059){ref-type="fig"}).[@b10-jir-8-059],[@b16-jir-8-059],[@b19-jir-8-059]--[@b22-jir-8-059]

Active resolution of the inflammatory phase is promoted by proresolving lipid mediators derived from omega-3 and -6 polyunsaturated fatty acids, including arachadonic acid-derived lipoxin A4, docosahexaenoic acid-derived resolvins, protectins, and maresins, and eicosapentaenoic acid-derived resolvins ([Figure 1](#f1-jir-8-059){ref-type="fig"}). Proresolving lipid mediators actively mediate a return to homeostasis. Lipoxin A4, for example, serves as a "stop" signal for leukocyte chemotaxis, vascular permeability, vasodilation, pain, and hyperalgesia, while the resolvins have been found to prevent polymorphonuclear cell infiltration.[@b19-jir-8-059],[@b23-jir-8-059]--[@b25-jir-8-059]

Inflammatory pain is a notable clinical issue. During cutaneous injury, cells from the immune system and peripheral organs express factors that both promote pain as a self-protective measure, as well elicit an analgesic response. As alluded to previously, in several cases, this dichotomy of cellular responses involves pleiotrophic factors that can act as proinflammatory, proalgesic agents, while at later times, may have anti-inflammatory or analgesic effects, depending on the molecular and cellular environment.[@b26-jir-8-059],[@b27-jir-8-059] Chronic pain associated with deregulation of the acute inflammatory response and the development of chronic debilitating inflammation is a clinical condition that is challenging to treat. Fully understanding the molecular events that lead to chronic inflammation as opposed to resolution is essential to the development of better treatment strategies for chronic inflammation and inflammatory pain.[@b28-jir-8-059],[@b29-jir-8-059]

New anti-inflammatory treatments are actively being developed to treat inflammatory pain. Because of the complexity of inflammation, many pharmaceuticals treat one physiological symptom or molecular pathway of the process.[@b30-jir-8-059] Opioids are commonly used for the treatment of severe pain.[@b31-jir-8-059] Although they are extremely effective for the treatment of acute pain, when used for extended periods in patients with chronic inflammation, severe side effects become a major drawback.[@b32-jir-8-059] The nonsteroidal anti-inflammatory drugs function by blocking prostaglandin synthesis, via inhibition of prostaglandin--endoperoxide synthase 1 and 2 (ie, cyclooxygenase-1 and -2), and are effective pharmaceuticals for short-term acute inflammation relief.[@b33-jir-8-059] A relatively new series of pharmaceuticals include specialized therapies that target specific mediators of the inflammation response.[@b34-jir-8-059]--[@b36-jir-8-059] These therapeutics usually target proinflammatory cytokines or specific receptors on immune cells to inhibit inflammation. Because of the side effects of these pharmaceuticals and their inability to promote the resolution of inflammation, new modalities are needed.

One emerging therapy for the treatment of both acute and chronic inflammation is the application of pulsed electromagnetic fields (PEMF).[@b37-jir-8-059]--[@b42-jir-8-059] PEMF therapy involves application of pulsed electromagnetic energy to inflamed superficial soft tissue; for PEMF in the radio frequency range, the carrier frequency is typically 27.12 MHz.[@b43-jir-8-059] It is delivered via a noninvasive medical device treatment applicator placed adjacent to the tissue target and, unlike some other radio frequency-based therapies, is not intended to generate deep heat. The treatment has been associated with postoperative pain relief in randomized, double-blind, sham-controlled pilot trials following breast surgery[@b39-jir-8-059]--[@b41-jir-8-059] and recently, in a single-arm, open-label pilot study of failed back surgery syndrome pain.[@b38-jir-8-059] A meta-analysis assessing the effectiveness of PEMF therapy in clinical studies found statistical support for efficacy of the therapy in treating postoperative pain and edema.[@b44-jir-8-059] Technical parameters of the technology, as well as a summary of clinical studies performed using the therapy, have been recently reviewed.[@b45-jir-8-059] Though also referred to as "pulsed radio frequency energy", the term PEMF therapy will be used to avoid confusion with "radio frequency ablation," which unlike the therapy described here, involves localized thermal ablation of tissue via a radiofrequency electrode inserted into tissue.[@b46-jir-8-059]

The primary mechanism of action of PEMF-mediated analgesia is hypothesized to involve promoting the reduction and, possibly, resolution of inflammation.[@b47-jir-8-059]--[@b51-jir-8-059] Results from in vitro and in vivo studies[@b52-jir-8-059],[@b53-jir-8-059] indicate that PEMF therapy may regulate gene expression by influencing the activation of ion channels. Recent results in rodents have indicated that both Na^+^ and Ca^2+^ voltage-gated ion channels are activated by extremely low frequency electromagnetic fields.[@b52-jir-8-059] Activation of these channels leads to activation of second messenger pathways and downstream regulation of gene expression.[@b53-jir-8-059] Previous studies in vitro have also found that PEMF treatment of cells in culture is followed by changes in the gene expression profiles of a number of factors associated with inflammation and analgesia,[@b47-jir-8-059],[@b48-jir-8-059] including an increase in endogenously expressed opioid precursors, both at the messenger (m)RNA and peptide levels.[@b48-jir-8-059] Additionally, results of a clinical pilot study found significantly lower levels of interleukin 1 beta peptide in postoperative wound exudates from PEMF-treated tissue relative to sham-treated tissue, which corresponded with lower pain scores in the PEMF treatment group.[@b41-jir-8-059] Together, these findings suggest that PEMF-mediated changes in gene expression underlie the anti-inflammatory and analgesic effects associated with PEMF therapy.

In light of these findings, it was of interest to further investigate the effect of PEMF treatment on gene expression relevant to inflammation and in particular, factors involved in repressing or resolving inflammation caused by trauma, notably trauma to the skin. In this study, we evaluated the effect of PEMF treatment on human dermal fibroblasts (HDF), epidermal keratinocytes (HEK), and mononuclear cells (HMNC) in culture by assessing changes in mRNA levels of enzymes involved in heme catabolism, lipid mediator biosynthesis, and reduction of reactive oxygen species ([Figure 1](#f1-jir-8-059){ref-type="fig"}), as well as cytokines involved in the inflammation process. Our results support a model in which PEMF treatment promotes the resolution of inflammation by stimulating the expression of cytokines and metabolic pathways involved in dampening and resolving the inflammatory response.

Material and methods
====================

Materials
---------

Culture media were purchased from Cell Applications, Inc. (San Diego, CA, USA) and from Mediatech, Inc. (Herndon, VA, USA) for general culture of HDF, HEK, and HMNC cells. Fetal calf serum, penicillin/streptomycin, trypsin, 1X PBS, sodium pyruvate, and nonessential amino acids were purchased from Hyclone (Logan, UT, USA) Reagents for quantitative reverse-transcription (qRT) and polymerase chain reaction (PCR) were from Quanta Biosciences (Gaithersburg, MD, USA). Oligonucleotide primers for PCR were purchased from/synthesized by Real Time Primers, LLC (Elkins Park, PA, USA). General chemicals were purchased from Sigma-Aldrich Corp (St Louis, MO, USA).

Cell culture
------------

Adult HDF, HEK, and HMNC were purchased from Cell Applications, Inc. (San Diego, CA, USA). Routine culture was performed as described in Moffett et al.[@b48-jir-8-059] For HDF experiments, cells were cultured in 10 cm plates at a density of 1.14×10^4^ cells/cm^2^ in minimum essential media supplemented with 1 mM sodium pyruvate, 1 mM nonessential amino acids, 100 units penicillin, 100 μg streptomycin, and 5% fetal calf serum. Cells were used for experimentation after 16 hours in a humidified atmosphere at 37°C with 5% CO~2~. Cells were used for experimentation from passage 5 to 10. Routine culture was performed, as recommended by the manufacturer, in a 5% CO~2~ humidified atmosphere at 37°C. For experiments, keratinocytes were cultured in 10 cm plates at a density of 0.75×10^4^ cells/cm^2^ in keratinocyte growth media, supplied by the manufacturer. HEK were used for experimentation after 16 hours in a humidified atmosphere at 37°C with 5% CO~2~. HEK were used for experimentation from passage 5 to 7. HMNC cells were cultured, as recommended by the manufacturer, in a 5% CO~2~ humidified atmosphere at 37°C.

PEMF conditions and treatment
-----------------------------

Treatments were performed by exposing cells to the PEMF field from a Provant^®^ device from Regenesis Biomedical, Inc. (Scottsdale, AZ, USA). This device emits a 27.12 MHz radio frequency signal transmitted from a flat spiral antenna with a radius of 7.5 cm, made up of six turns at a width of 0.70 cm, spaced with a separation of 0.3 cm ([Figure 2](#f2-jir-8-059){ref-type="fig"}). The signal is delivered in 42 μsec pulses with a period of 1 KHz. This corresponds to energy parameters of 591 V/m and 6.7 A/m in electrical and magnetic fields, respectively, when measured 5 cm from the surface of the radiating antenna. Cells in cell culture medium were placed at a distance of 5 cm from the source during treatment. Treatment was performed at room temperature for 30 minutes, and then cells were returned to the incubator. Cells were harvested for total RNA at the times indicated in the figures. Treatment under these conditions will be referred to as "PEMF treatment".

RNA isolation and real-time qRT-PCR
-----------------------------------

Total RNA was isolated using an RNeasy Mini kit (Qiagen, Hilden, Germany). Total RNA (0.05 μg) was reverse-transcribed using a high capacity RNA to complementary (c)DNA master mix (Quanta Biosciences) following the manufacturer's instructions. PCR was performed using the following reaction times and temperatures: denaturation for 15 seconds at 94°C, annealing for 30 seconds at 55°C, and elongation for 30 seconds at 72°C; in 20 μL reaction volumes and run out to 45 cycles using a Rotogene device (Qiagen). mRNAs evaluated in the study are listed in [Table 1](#t1-jir-8-059){ref-type="table"}. Primer oligonucleotides sequences for prostaglandin--endoperoxide synthase 1, prostaglandin--endoperoxide synthase 2, prostaglandin E synthase, interleukin 1 beta, interleukin 6, and interleukin 10 were reported in Moffett et al.[@b48-jir-8-059] All other primer sequences are available from the manufacturer (Real Time Primers, LLC). Quantitation and analysis of relative gene expression was performed by the 2^−∆∆CT^ method as described by Livak and Schmittgen.[@b54-jir-8-059] GAPDH was used to normalize product expression between different RNA samples and treatments. RNA was isolated from at least four independent experiments, and PCR was performed in triplicate. Products were electrophoresed on 2% agarose gels and stained with ethidium bromide to determine the fidelity of the PCR reaction. The relationship between the concentration of input RNA and the amount of PCR product was linear for each PCR product.

Statistical analysis
--------------------

qRT-PCR data were analyzed using one-way analysis of variance (ANOVA), using SigmaPlot version 11.0 (Systat Software, Inc., San Jose, CA, USA). If the equal variance test failed for one-way ANOVA, the Dunn's method for multiple comparisons was used (SigmaPlot version 11.0). For all experiments reported, a *P*-value of less than 0.05 was considered significant.

Results
=======

PEMF treatment of HDF, HEK, and HMNC is followed by an increase in heme oxygenase mRNA
--------------------------------------------------------------------------------------

One of the first proinflammatory compounds at the site of trauma is heme, which is released from heme carrier proteins, such as hemoglobin and myoglobin, during tissue damage and cellular lysis ([Figure 1](#f1-jir-8-059){ref-type="fig"}). The inducible isoform of the enzyme responsible for the degradation of heme, heme oxygenase 1, is regulated by a number of compounds and environmental stressors, including cytokines, heavy metals, hypoxia, and heme itself. To evaluate whether PEMF might also affect heme oxygenase expression, we treated cultured HDF, HEK, and HMNC with PEMF for 30 minutes and measured changes in heme oxygenase mRNA levels following treatment. A rapid increase in heme oxygenase 1 mRNA was observed in all cell types following PEMF treatment relative to untreated cells ([Figure 3A](#f3-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}). Timing of maximum induction was 1.5 hours after the end of treatment for all three cell types, with a fold increase relative to untreated cells ranging from 2.5- to 2.9-fold, depending on the cell type. In contrast, the level of heme oxygenase 2 mRNA remained unchanged in all three cell types following treatment ([Figure 3B](#f3-jir-8-059){ref-type="fig"}).

The effect of PEMF on pro- and antioxidant enzyme mRNAs in HDF, HEK, and HMNC
-----------------------------------------------------------------------------

Proinflammatory reactive oxygen species can be generated from a number of sources during the inflammation process. Oxidation of divalent iron, a product of heme catabolism, can result in the generation of reactive oxygen species via the Fenton reaction ([Figure 1](#f1-jir-8-059){ref-type="fig"}). Proinflammatory stimuli, such as tumor necrosis factor alpha, can lead to increased reactive oxygen species--generation by mitochondrial enzyme complexes, as well as by membrane-associated NADPH oxidase, in both phagocytic and nonphagocytic cells.[@b55-jir-8-059] Reactive oxygen species can also be generated during leukotriene synthesis.[@b56-jir-8-059] Given the importance of antioxidant enzymes in the removal of reactive oxygen species, we examined what effect, if any, PEMF had on expression levels of antioxidant enzymes. PEMF treatment was followed by increased levels of superoxide dismutase 3 and peroxiredoxin 6 mRNAs in HDF, HEK, and HMNC cells relative to untreated cells ([Figure 4](#f4-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}). Glutathione reductase mRNA levels were greater in HDF and HMNC following PEMF treatment, while the relative amount of catalase mRNA was greater after PEMF treatment in HDF and HEK cells. In contrast, no change in glutathione peroxidase 3 mRNA, in any of the three cell types, was observed following PEMF treatment compared with untreated cells ([Figure 4](#f4-jir-8-059){ref-type="fig"}). Interestingly, in addition to an increase in RNA transcripts encoding antioxidant enzymes, PEMF treatment was also followed by a relative increase in NADPH oxidase mRNA, a prooxidant enzyme, in HDF and HMNC ([Figure 4](#f4-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}).

The effect of PEMF treatment on mRNA levels of enzymes involved in lipid mediator biosynthesis
----------------------------------------------------------------------------------------------

A number of metabolites of omega-3 and -6 polyunsaturated fatty acids, such as prostaglandins, leukotrienes, lipoxins, resolvins, protectins, and maresins, function as bioactive lipid mediators, with important roles during both the acute and resolution phases of inflammation ([Figure 1](#f1-jir-8-059){ref-type="fig"}). To better understand the possible effects of PEMF treatment on lipid mediator biosynthesis, we measured relative mRNA levels of enzymes involved in lipid mediator synthesis in cells following PEMF treatment compared with untreated cells. A rapid rise (15 minutes following PEMF treatment), followed by a decrease, in both prostaglandin--endoperoxide synthases 1 and 2 mRNA levels was observed in HMNC following PEMF treatment relative to levels observed in untreated control cells (data not shown). Similar to a previous study,[@b48-jir-8-059] an increase in prostaglandin--endoperoxide synthase 2 expression was found in HDF following PEMF treatment, with relatively little change in the level of either transcript observed in HEK after PEMF treatment ([Figure 5A](#f5-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}). The effect of PEMF treatment on expression of downstream prostaglandin synthases was also assessed. The relative amount of prostaglandin E synthase mRNA appeared to be most affected by PEMF treatment in HDF and HMNC ([Figure 5A](#f5-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}). A PEMF-associated increase in prostaglandin E synthase mRNA in HDF, but not HEK, is in line with previously reported findings.[@b48-jir-8-059] While mRNA levels of several downstream prostaglandin synthases were upregulated in HDF and HMNC following PEMF treatment, only prostaglandin I2 (prostacyclin) synthase was upregulated in HEK at the time point examined ([Figure 5A](#f5-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}).

Next, we examined the effect of PEMF treatment on lipoxygenase mRNA levels in HDF, HEK, and HMNC. PEMF treatment of HDF, HEK, or HMNC cells had no effect on arachidonate 5-lipoxygenase mRNA levels ([Figure 5B](#f5-jir-8-059){ref-type="fig"}). In contrast, PEMF treatment of HDF and HMNC cells was associated with an increase in arachidonate 12-lipoxygenase mRNA relative to untreated cells (three- and 2.5-fold, respectively) ([Figure 5B](#f5-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}). A threefold increase in arachidonate 15-lipoxygenase mRNA was also observed in HMNC and HEK after PEMF treatment relative to untreated cells ([Figure 5B](#f5-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}).

The effect of PEMF treatment on mRNAs of cytokines with pro- and anti-inflammatory effects
------------------------------------------------------------------------------------------

Cytokine-mediated effects on inflammation are often microenvironment-dependent and can vary depending on other cytokines and regulatory molecules present. We have previously shown that PEMF treatment of HEK and HDF cells is associated with changes in mRNA levels of cytokines involved in regulating inflammatory pain and the inflammation phase of wound healing.[@b48-jir-8-059],[@b57-jir-8-059] To further investigate PEMF-associated changes in cytokine expression profiles, we measured relative mRNA levels of several cytokines in HDF, HEK, and HMNC following PEMF treatment. Interleukin 1 beta mRNA levels were lower in all three cell types following PEMF treatment ([Figure 6](#f6-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}), in agreement with previous findings in HEK and HDF cells.[@b48-jir-8-059] The expression profiles of several other cytokine mRNAs changed following PEMF treatment as well, which varied by cell type. Interleukin 1 alpha mRNA levels were lower in HDF and HMNC after PEMF treatment relative to untreated control cells, though remained unchanged in PEMF-treated HEK at the time point examined ([Figure 6](#f6-jir-8-059){ref-type="fig"}). While interleukin 5 mRNA levels were greater in PEMF-treated HEK relative to untreated HEK, PEMF-treated HMNC had lower levels of interleukin 5 mRNA at the same time point relative to untreated HMNC ([Figure 6](#f6-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}). PEMF treatment was followed by an increase in mRNA levels of interleukin 12B in HDF and HMNC, while mRNA levels of interleukins 20 and 21 were upregulated only in HEK and HMNC relative to untreated control cells ([Figure 6](#f6-jir-8-059){ref-type="fig"} and [Table 2](#t2-jir-8-059){ref-type="table"}).

Discussion
==========

Inflammation is an essential response by tissues to environmental challenges, both pathogens and injury.[@b1-jir-8-059],[@b4-jir-8-059],[@b11-jir-8-059],[@b27-jir-8-059] This process is divided into two broad phases, acute inflammation and resolution, which are regulated by tightly controlled programs of gene expression.[@b29-jir-8-059],[@b58-jir-8-059],[@b59-jir-8-059] Although the inflammatory response is protective in nature, dysregulation of the acute or resolution phases can lead to chronic inflammation and disease states.

Postoperative inflammation can involve the skin and underlying soft tissue. PEMF therapy has been associated with improvement in postoperative pain in clinical trials,[@b38-jir-8-059]--[@b41-jir-8-059] which studies suggest may be related to molecular changes impacting inflammation and inflammatory pain.[@b37-jir-8-059],[@b41-jir-8-059]--[@b43-jir-8-059],[@b48-jir-8-059],[@b57-jir-8-059] To further investigate this possibility in the current study, we used cell culture lines derived from human skin (HDF and HEK), as well as HMNCs, to determine the effect of PEMF treatment on mRNA levels of gene products relevant to trauma-induced inflammation of the skin, which can develop into a chronic problem in those with metabolic disorders. PEMF treatment of HDF, HEK, and HMNC was followed by changes in relative mRNA levels of several factors involved in suppressing the acute inflammatory response and mediating active resolution of inflammation. [Table 2](#t2-jir-8-059){ref-type="table"} provides a summary of statistically significant changes observed in the current study. Heme oxygenase 1 mRNA levels were increased in all cell types following PEMF treatment. Following trauma, free heme can serve as a proinflammatory signal, and thus, its removal is important for abating the inflammatory response.[@b14-jir-8-059],[@b15-jir-8-059],[@b60-jir-8-059],[@b61-jir-8-059] We also found that PEMF treatment was associated with increased expression of several enzymes that neutralize oxygen radicals. Interestingly, expression of the prooxidant enzyme, NADPH oxidase 1, was also upregulated in HDF and HMNC after PEMF treatment. Though reactive oxygen species generated by mitochondria have been implicated in promoting inflammation in sterile inflammation, reactive oxygen species generated by cytoplasmic NADPH oxidases may be anti-inflammatory during sterile inflammatory responses.[@b62-jir-8-059]

During acute inflammation, resident and recruited cells alike produce proinflammatory mediators, including eicosanoids and cytokines.[@b63-jir-8-059],[@b64-jir-8-059] While prostaglandin synthases and lipoxygenases are involved in generating eicosanoids and leukotrienes with proinflammatory effects, they are also necessary for production of lipid mediators involved in programmed resolution,[@b65-jir-8-059],[@b66-jir-8-059] namely those that promote lipid mediator class switching[@b19-jir-8-059],[@b20-jir-8-059],[@b22-jir-8-059] and proresolving metabolites.[@b2-jir-8-059],[@b21-jir-8-059],[@b65-jir-8-059] Both of these pathways are targets for pharmaceutical drugs for the treatment of inflammation.[@b67-jir-8-059] Further, it has been proposed that there is a "switch" from the production of proinflammatory prostaglandins to proresolving lipid mediators, leading to programmed resolution of inflammation.[@b4-jir-8-059],[@b19-jir-8-059] If this switch does not take place, a state of chronic inflammation persists.

Depending on the cell type, several prostaglandin synthases and lipoxygenases were upregulated following PEMF treatment. These results are counter to the mechanism of action of pharmaceutical therapeutics such as nonsteroidal anti-inflammatory drugs. We hypothesize the anti-inflammatory effects of PEMF therapy may act primarily through a lipid mediator mechanism, such as that proposed by Serhan et al,[@b2-jir-8-059],[@b10-jir-8-059],[@b21-jir-8-059] namely through induction of proresolving lipid mediators (eg, resolvins) via a prostaglandin synthase/lipoxygenase--mediated pathway. A summary of data from the current study in the context of such a model is provided in [Figure 7](#f7-jir-8-059){ref-type="fig"}.

In addition to the proresolving pathways, there are distinct anti-inflammatory genetic programs involved in returning tissue to physiological homeostasis.[@b19-jir-8-059],[@b68-jir-8-059] Anti-inflammatory pathways involve mediators, such as interleukin 10 and transforming growth factor beta 1, which may in fact be induced by proresolving pathways. These cytokines have a dampening effect on the inflammatory response and in some instances, decrease proinflammatory cytokines, such as interleukin 1 beta and tumor necrosis factor alpha.[@b69-jir-8-059] We have shown, here and previously, that PEMF treatment is followed by a decrease in the expression of interleukin 1 beta and tumor necrosis factor alpha,[@b48-jir-8-059] as well as an increase in levels of interleukin 10 mRNA, further suggesting an anti-inflammatory mechanism of action for this therapy.

Conclusion
==========

Understanding the cellular and molecular mechanisms of inflammation is important for the development of new therapies to treat important health conditions such as inflammatory pain and chronic inflammation. PEMF is a biophysical therapeutic modality based on the delivery of pulsed electromagnetic fields. Although it has been in use for over several decades for the treatment of inflammation, little is known about its biological mechanism of action. Findings from the current study support previously reported data, suggesting PEMF treatment leads to gene expression changes of the factors involved in regulating inflammation, including inflammation resolution. Based on these results, we hypothesize that PEMF-associated analgesia reported in clinical studies may be due to such gene expression changes. Further studies are warranted to further test this hypothesis and to gain additional insight into the mechanisms of action of this novel analgesic modality.
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![Consequences of tissue trauma on heme catabolism, reactive oxygen species, and polyunsaturated fatty acid metabolism.\
**Notes:** Top panel: following tissue trauma, release of free heme can serve as a signal for proinflammatory events.[@b71-jir-8-059] The oxidative degradation of heme by heme oxygenase removes free heme, and generates catabolites with antioxidant and anti-inflammatory effects.[@b70-jir-8-059]--[@b75-jir-8-059] Iron released from heme by heme oxygenase catabolism can be stored by ferritin, preventing its participation in redox reactions.[@b70-jir-8-059] Middle panel: acute inflammation is associated with an increase in reactive oxygen species, which are regulated by cellular enzymes involved in redox reactions.[@b55-jir-8-059],[@b76-jir-8-059],[@b77-jir-8-059] Reactive oxygen species can have proinflammatory effects, and chronic inflammatory diseases are often associated with oxidative stress.[@b55-jir-8-059],[@b76-jir-8-059],[@b77-jir-8-059],[@b79-jir-8-059] In some cases, reactive oxygen species can have anti-inflammatory effects.[@b62-jir-8-059],[@b78-jir-8-059] lower panel: in response to proinflammatory stimuli, phospholipase A2 mediates release of arachidonic acid from the cell membrane.[@b80-jir-8-059],[@b81-jir-8-059] an increase in inducible prostaglandin-endoperoxide synthase 2 also occurs.[@b80-jir-8-059],[@b82-jir-8-059]--[@b84-jir-8-059] During the early inflammatory response, arachidonic acid is metabolized by prostaglandin synthases and lipoxygenases to generate eicosanoids and leukotrienes,[@b21-jir-8-059],[@b24-jir-8-059],[@b85-jir-8-059]--[@b87-jir-8-059] which is followed, at later times, by "lipid mediator class switching." The latter is thought to serve as a switch from the production of proinflammatory lipid mediators to those involved in programmed resolution.[@b10-jir-8-059],[@b16-jir-8-059],[@b19-jir-8-059]--[@b22-jir-8-059]\
**Abbreviations:** GSH, reduced glutathione; GSSG, glutathione disulfide; PGD~2~, prostaglandin D~2~; PGE~2~, prostaglandin E~2~; PGG~2~, prostaglandin G~2~; PGH~2~, prostaglandin H~2~; PGI~2~, prostaglandin I~2~; PUFA, polyunsaturated fatty acid.](jir-8-059Fig1){#f1-jir-8-059}

![An illustration of the device's spiral antenna.](jir-8-059Fig2){#f2-jir-8-059}

![The effect of PEMF treatment on heme oxygenase mRNA levels in HEK, HDF, and HMNC in culture.\
**Notes:** Cells were treated with PEMF for 30 minutes, after which total RNA was isolated and mRNAs quantitated at several time points by qRT-PCR. Cells were harvested at the time points indicated (**A**) or 2 hours postinitiation of PEMF treatment (**B**). In (**A**), the x axis indicates the amount of time passed after the initiation of PEMF treatment, with the end of the 30-minute treatment period indicated by an arrow. In (**B**), the results of three independent experiments with PEMF are shown. All data is expressed relative to untreated control cell cultures.\
**Abbreviations:** HDF, human dermal fibroblasts; HEK, human epidermal keratinocytes; HMNC, human mononuclear cells; mRNA, messenger RNA; PEMF, pulsed electromagnetic field; qRT-PCR, quantitative reverse-transcription polymerase chain reaction.](jir-8-059Fig3){#f3-jir-8-059}

![Changes in cellular redox enzyme mRNA levels following PEMF treatment of HDF, HEK, and HMNC.\
**Notes:** Cells were treated with PEMF for 30 minutes, harvested 2 hours after treatment, and relative mRNA levels were determined by qRT-PCR. All data are expressed relative to untreated control cell cultures. n=6.\
**Abbreviations:** HDF, human dermal fibroblasts; HEK, human epidermal keratinocytes; HMNC, human mononuclear cells; mRNA, messenger RNA; PEMF, pulsed electromagnetic field; qRT-PCR, quantitative reverse-transcription polymerase chain reaction.](jir-8-059Fig4){#f4-jir-8-059}

![The effect of PEMF on RNA message levels of enzymes involved in lipid mediator synthesis.\
**Notes:** HEK, HDF, and HMNC were treated with PEMF for 30 minutes, after which relative amounts of mRNAs encoding (**A**) prostaglandin synthases and (**B**) lipoxygenases were determined using qRT-PCR. Cells were harvested 4 hours (**A**) or 2 hours (**B**) after initiation of PEMF treatment. n=6.\
**Abbreviations:** HDF, human dermal fibroblasts; HEK, human epidermal keratinocytes; HMNC, human mononuclear cells; mRNA, messenger RNA; PEMF, pulsed electromagnetic field; qRT-PCR, quantitative reverse-transcription polymerase chain reaction.](jir-8-059Fig5){#f5-jir-8-059}

![The effect of PEMF treatment on cytokine mRNA levels.\
**Notes:** HEK, HDF, or HMNC were treated with PEMF for 30 minutes. Total RNA was isolated 2 hours after PEMF treatment, and relative amounts of cytokine mRNA were determined using qRT-PCR. n=6--9. All data is expressed relative to untreated control cell cultures.\
**Abbreviations:** HDF, human dermal fibroblasts; HEK, human epidermal keratinocytes; HMNC, human mononuclear cells; mRNA, messenger RNA; PEMF, pulsed electromagnetic field; qRT-PCR, quantitative reverse-transcription polymerase chain reaction.](jir-8-059Fig6){#f6-jir-8-059}

![Summary of experimental results from the current study in the context of a possible model.\
**Notes:** In the current study, PEMF treatment was followed by changes in relative amounts of mRNAs encoding factors associated with anti-inflammatory and proresolution effects. An increase or decrease in mRNA levels detected following PEMF treatment, relative to untreated control cells, is indicated by upward- and downward-facing arrows, respectively.\
**Abbreviations:** HDF, human dermal fibroblasts; HEK, human epidermal keratinocytes; HMNC, human mononuclear cells; PEMF, pulsed electromagnetic field; mRNA, messenger RNA.](jir-8-059Fig7){#f7-jir-8-059}

###### 

List of messenger RNAs evaluated in the study

  Name                                                                                                   Abbreviation
  ------------------------------------------------------------------------------------------------------ --------------
  Heme oxygenase (decycling) 1 (alias: HO-1)                                                             HMOX1
  Heme oxygenase (decycling) 2 (alias: HO-2)                                                             HMOX2
  NADPH oxidase 1                                                                                        NOX1
  Catalase                                                                                               CAT
  Glutathione peroxidase 3                                                                               GPX3
  Glutathione reductase                                                                                  GSR
  Peroxiredoxin 6                                                                                        PRDX6
  Superoxide dismutase 3                                                                                 SOD3
  Prostaglandin-endoperoxide synthase 1 (prostaglandin G/H synthase and cyclooxygenase) (alias: COX-1)   PTGS1
  Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and cyclooxygenase) (alias: COX-2)   PTGS2
  Prostaglandin D2 synthase                                                                              PTGDS
  Prostaglandin E synthase                                                                               PTGES
  Prostaglandin I2 (prostacyclin) synthase                                                               PTGIS
  Arachidonate 5-lipoxygenase                                                                            ALOX5
  Arachidonate 12-lipoxygenase                                                                           ALOX12
  Arachidonate 15-lipoxygenase                                                                           ALOX15
  Interleukin 1, alpha                                                                                   IL1A
  Interleukin 1, beta                                                                                    IL1B
  Interleukin 2                                                                                          IL2
  Interleukin 5                                                                                          IL5
  Interleukin 6                                                                                          IL6
  Interleukin 10                                                                                         IL10
  Interleukin 12B                                                                                        IL12B
  Interleukin 20                                                                                         IL20
  Interleukin 21                                                                                         IL21

**Notes:** Names and abbreviations correspond to HGNC-approved names and symbols. For some names, common aliases are also provided in parentheses.

**Abbreviation:** HGNC, HUGO Gene Nomenclature Committee.

###### 

Statistically meaningful changes in mean mRNA levels detected within 4 hours after PEMF treatment relative to untreated control cells

                                     HDF        HEK        HMNC
  ---------------------------------- ---------- ---------- ------------
  Heme oxygenases                    ↑HMOX1\*   ↑HMOX1\*   ↑HMOX1\*\*
  Cellular redox enzymes             ↑NOX1\*               ↑NOX1
  ↑CAT                               ↑CAT                  
  ↑GSR                                          ↑GSR       
  ↑PRDX6                             ↑PRDX6     ↑PRDX6     
  ↑SOD3                              ↑SOD3      ↑SOD3      
  Lipid metabolism enzymes                                 
   Prostaglandin synthesis enzymes   ↑PTGS2                
  ↑PTGDS                                        ↑PTGDS     
  ↑PTGES\*                                      ↑PTGES     
  ↑PTGIS                             ↑PTGIS     ↑PTGIS     
  Lipoxygenases                      ↑ALOX12               ↑ALOX12
                                     ↑ALOX15    ↑ALOX15    
  Interleukins                       ↑IL1B\*    ↑IL1B      ↑IL1B
                                                ↑IL5       
  ↑IL6                               ↑IL6                  
  ↑IL10\*                            ↑IL10\*               
  ↑IL12B                                        ↑IL12B     
                                                ↑IL20      
                                                ↑IL21      

**Notes:** *P*\<0.05 or better were met in all cases; *P*\<0.01 and greater denoted by asterisks (\**P*\<0.01 and \*\**P*\<0.001). An increase or decrease in relative mRNA levels is indicated by upward- and downward-facing arrows, respectively.

**Abbreviations:** HDF, human dermal fibroblasts; HEK, human epidermal keratinocytes; HMNC, human mononuclear cells; mRNA, messenger RNA; PEMF, pulsed electromagnetic field.
